Wireless sensor networks (WSNs) 
Introduction
Wireless sensor networks (WSNs) are composed of a large number of wireless sensor nodes that are densely deployed either inside the phenomenon or very close to it. WSNs can be used in many application areas such as military application, environment monitoring, health-care, smart home, structure status monitoring and so on [1] .
The tiny and low cost sensor nodes are usually energy limited and have no energy supply. Thus, energy efficient routing protocols for WSNs are very important [2, 3] . It is desired that all nodes can have a synchronous speed of energy consumption so that there always are some living nodes in the area we deployed sensors in and network lifetime can be as long as possible [4] . There are two challenges in prolonging network lifetime. The first challenge is utilizing energy efficiently. That means abating energy cost and avoiding the unwanted energy dissipation. The second one is how to balance energy consumption among all nodes of network to avoid hotspot phenomenon. That means avoiding the scenario that nodes suffer high load and die very early and others in leisure die very lately.
Most of existing routing protocols aim at solving these two issues, and they can be divided into two classes, namely flat and hierarchical. Flat protocols include Minimum Transmission Energy (MTE), energy aware routing using sub-optimal path [5] , etc. Famous hierarchical protocols include Low-Energy Adaptive Clustering Hierarchy (LEACH) [6] , a Hybrid Energy-Efficient Distributed clustering approach (HEED) [7] , GAF [8] , etc.
Related Work
In [8] , authors proposed a GAF protocol which divides one network into several fixed subnetwork by their geographic location, and then rotate cluster head role among nodes in a cluster round by round. GAF protocol is easy to implement and outperforms flat protocols, but it doesn't consider about optimization of the data transmission between CHs and base station. In [6, 7] , LEACH and HEED are proposed. In both of them, cluster head nodes are elected randomly and clusters distribution changes in every round. These two protocols use direct transmission approach to implement communication between CHs and BS. In each round, when the clusters set-up phase is done, the sub-network consists of CHs suffers the problem same to GAF.
Authors in [13] proposed a self-organized clustering protocol named topology discovery algorithm (TopDisc) for WSNs. It is distributed and use only local information to construct the approximate topology of the network. TopDisc algorithm forms a tree of cluster (TreC) rooted from a specified node. When clustering process is completed, efficient data dissemination and aggregation can be achieved. However TopDisc algorithm is sensitive to the topology change and iterant processes of cluster construction cost too much. In addition, TopDisc algorithm does not consider the residual energy of nodes which could cause the hotspots phenomenon.
In [14] , an advanced inter-cluster routing protocol (ICRP) based on HEED is proposed. Its main idea is optimizing transmission between CHs and BS by using multi-hop scheme. The router it found is based on local area's information but not global. And it requires further data fusion of packets from adjacent clusters, or it would lose its superiority. At transmission phase, center CHs also transmits packets to base station by direct transmission. Compare to ICRP, our proposed ECREO algorithm is easier to implement and asks for less requirements.
Our Proposed ECREO Algorithm

Assumptions
Some assumptions we made in our work are listed as follows.
 The base station is fixed and out of sensor fields.  Each node has its own fixed ID.  This wireless sensor network is based on query.  Each sensor node's geographic location can be known.
Main Idea of ECREO.
The key algorithm of ECREO is an improved Dijkstra's algorithm. Original Dijkstra's algorithm is a graph search algorithm that solves the single-source shortest path problem for a graph with nonnegative edge path costs [15] . It uses distance as its weight-evaluation function. In ECREO algorithm, we use weight-evaluation function shown in below equation (1) . See equation (1), "EnergyCost" stands for the total energy consumption of node i in transmission and "RestEnergy" stands for the rest energy of node i. Before using them, we need to normalize them to reduce the error caused by their 0different value ranges.
Details of ECREO Mechanism
System Model
(1) Radio model
In our work, we use the radio model proposed by literature [6] . In this model, there are three steps in the procedure that node A sends a 1-bit packet to node B. Suppose the distance between A and B is 1 meter.
Step 1. Node A runs the transmitter electric circuitry to get ready for transmission. The energy consumption of node A is
Step 2. Node A runs the transmit amplifier to transmit the 1-bit signal. It costs node A amp  energy units to transmit 1-bit signal to node B 1 meter away.
Step 3. Node B runs the receiver electric circuitry to receive the 1-bit signal. It costs node B To each node in wireless sensor networks using ECREO algorithm, there are three phases it has to dissipate energy when it (its ID is M) transmits k-bits data to next node with specified ID of N (see Figure 1 ).
Corresponding to Figure 1 , detailed process and energy cost is listed as follows: 1. Initially, node M doesn't know which node it should transmit data to. And this situation is persisting until it receives the order from the base station. The order contains several fields (see Figure 2-a) . By getting the next hop node's ID from the order, node M knows which node it will forward packet to. We assume the length of order is L-bits. Energy dissipation in first phase is computed by equation (2).
We suppose the length of the result data is k-bits and the length of additional information of node's rest energy is R-bits (see Figure 2-b) . Energy dissipation in second phase is computed by equation (3).
Another field in order is the distance between M and N (denoted by d). According to the distance, the transmit amplifier adjusts its signal intensity to make sure that node N can receive signals from it. Energy dissipation in third phase is computed by equation (4).
, the total energy cost in these three phases is computed by equation (5).
Two important structures related to network communication are "Order" and "Data Packet". Fields of them are shown in Figure 2 in which "FromID" refers to ID of the source node and "ReceiveID" refers to ID of the destination node. In Figure 2 (b), fields of "FromID" and "RestEnergy" can repeat N times, N equals to forwarded times of this packet. By receiving a data packet, the base station can know energy information of each node involved in this query. 
Network Communication Principle
In the network using ECREO algorithm, base station plays a centric role. It maintains the global information of network and controls every communication among nodes. Nodes in this network doesn't care about how to choose the best path, they just need to forward packets to the next hop node. In other words, they are blind to the procedure of generating the best scheme. There are three phases for base station to receive data from all nodes in each round. They are scheme generating, order Broadcast and data transmission.
(1) Scheme generating phase In this phase, base station considers the current state of the whole sensor network and generates the best scheme. We assume there are (n+1) nodes in the sensor network and the (n+1)th node is the base station. Some relevant variables are shown in Table 1 .
Table 1. Relevant Variables
Variables
Subject to Illustration
If Flag(i)=1, it stands for this node has found its best path. 
It can be computed by equation 1. Initially, it stands for the evaluation value of node i in direct transmission.
The evaluation value for node j to transmit data to the next node i.
Next node's ID which node i forward packets to in the best path.
(2) Order broadcast phase When the base station generates the best scheme for every node in the network, it is ready to begin a query. For example, if the base station wants to get data from node A, and the best path is A-B-C-BS. First, the base station broadcasts three orders in which one is for node A, one is for node B and the other one is for node C. Second, each node receives just 8 bits from the data signal and compares it with its own ID, if they are same, then goes on receiving the rest signals, or stops receiving. Otherwise, order sent to A is different from the orders sent to B and C. These three orders' types are: "query", "set-next" and "set-next".
The Following is some pseudo codes of the scheme generating algorithm:
Step 1. Find k subject to:
Then set Flag(k)=1; If k can't be found, go to Step 4. (Each node finds its best path)
Step 2. Update A(j) while Flag(j)=0 For i=1 to n, step by 1
Step 3. Go to Step 1;
Step 4. End of algorithm.
(3) Data transmission phase For instance, the base station asks for result data from node A, and the best path is A-B-C-BS. There are four steps in this procedure.
Step 1. Node A receives the order, then collects the result data and sets its Next-ID by "B"; Node B receives the order and sets its Next-ID by "C"; Node C receives the order and sets its Next-ID by "BS";
Step 2. Node A forms the packet which consists of rest-energy information and the original data, and then transmits it to node B.
Step 3. Node B receives packet from node A, then adds its own rest-energy information to the tail of the packet to form a new packet and transmits it to node C;
Step 4. Node C receives packet from node B, then adds its own rest-energy information to the tail of the packet to form a new packet and transmits it to the base station (BS).
Performance Evaluation
Simulation Background
To execute our simulations, we use the random 100-node network shown in Figure 3 , nodes are randomly distributing in the square which the x-axis and y-axis both range from 50~150. And the base station locates at point (x=10, y=10). In addition, we assume each node has 2000-bits data packet to transmit and each node initially given 0.5 J of energy. Some radio characteristics used in our simulations are shown in Table 2 . 
Flat structure network
It is clear that in direct transmission routing, nodes far from base station suffer more energy dissipation than those close to base station. And in MTE routing, the nodes closest to the base station will die first, thus new closest nodes will die more quickly due to longer distance from the base station. That is a vicious circle. Disadvantages of these two protocols are:
 In both of them, nodes die sharply. In our simulation, there is a big difference between the first round (the round nodes begin to die) and the last round (the round nodes die out) both in Direct Transmission and MTE (See table 3 ).  In both of them, nodes die regionally one by one. In Direct Transmission, nodes in the area far from the base station die first, and then this area can't be monitored any more. In MTE, it is inverse.
Figure 3. 100-node Random Network
As shown in Table 3 . Flat network using ECREO algorithm (FECREO) can excellently achieve the balance of energy dissipation among all nodes. Its effect is obvious and dramatic. Figure 4 shows us the detailed number of alive nodes in each round using DT, MTE and FECREO. Though FECREO algorithm's total rounds are less than the other two protocols, but it excellently balances lifetime among all nodes. In WSNs using FECREO, entire area can almost be monitored during whole networks' lifetime.
Figure 4. Count Number of Alive Nodes in Each Round
Clustering Structure Network
ECREO algorithm can not only be used directly in flat network but also can be used to enhance many clustering protocols. Before using ECREO mechanism to optimize other clustering protocols, it needs to transfer these original protocols to similar protocols which can work in query-based WSNs.
Figure 5. Clusters Division based on GAF
In this part, we firstly simulate one of the most famous traditional clustering protocols: GAF. And then use ECREO mechanism to optimize it, and we called the new protocol ECREO-improved GAF (ECREO-GAF). We assume the sensor's communication radius r R * 5  and r=33.3 meters. Because the map is 100*100, the network can be divided into 9 clusters. The partition result is shown in Figure 5 (nodes of different shapes stand for different clusters).
In traditional GAF, the cluster head transmits packets to the base station using direct transmission (DT-GAF). If we regard the cluster as a unit, it is obvious that communication between CHs and BS using DT is same as the situation we discussed in flat structure network. Table 4 shows us the ECREO-GAF protocol can effectively monitor the whole area till 1120 rounds. The detailed numbers of living nodes in each round for DT-GAF and ECREO-GAF are shown in Figure 6 . 
Conclusions and Future Work
In this paper, we propose a global best path routing algorithm for WSNs based on GEAR. Its main idea is using the global topology and energy information to find the best scheme for every node transmitting data to base station. The key algorithm of ECREO is Dijkstra's algorithm and the core of ECREO algorithm is the weight-evaluation function which aims at reducing total energy cost of one node while considering its rest energy in transmission. In flat structure network, ECREO algorithm balances energy consumption and lifetime among all nodes of the entire network. In hierarchical structure network, ECREO algorithm can also be used to optimize the sub-network consists of CHs. Because the base station needs to know the entire topology of network, this mechanism can only be used in GEAR-based WSNs. In hierarchical structure network, we optimize the communication between CHs and BS and neglect the optimization of inner-cluster communication routing.
In the future, we will use ECREO algorithm to optimize inner-cluster communication and try to use ECREO algorithm in some applications to improve and perfect it.
